Introduction
Many strategies have been employed in the synthesis of polymetallic clusters of paramagnetic metal ions. These range from serendipitous assembly through to rational design, the latter of which naturally relies on targeted ligand composition. The ultimate goal is the same in all cases, that being the isolation of molecules that are of interest to chemists, physicists and theoreticians due to the prevailing magnetic properties. Predicting the assembly of such clusters from multi-component systems, especially from a viewpoint of tailoring their magnetic properties, represents a significant challenge to the synthetic coordination chemist. [1, 2] p-tBu-calix [4] arene (TBC [4] ) has emerged as a highly versatile building block for the construction of polynuclear transition metal (TM), lanthanide metal (LnM) and 3d-4f clusters. [3] [4] [5] [6] [7] [8] [9] [10] Its polyphenolic character allows it to: 1) bind, and 2) bridge to metal centres within clusters. We have used TBC [4] to form a library of clusters in which TM/ LnM-TBC [4] moieties act as capping vertices (Figure 1 A-D). Our first significant development was isolation of a family of Mn . [4, 5] The central polymetallic core is an unusual butterfly in that the oxidation states are reversed relative to those typically observed with other ligands. [11] This occurs because the JahnTeller distorted, axially elongated Mn III ions are preferentially bound in the TBC [4] pocket; TBC [4] provides a stable coordination environment for a metal ion that can accommodate four short equatorial and two long axial bonds. The TBC [4] O atoms bridge to the centrally located Mn II ions and the structure can be viewed rather simply as two [Mn III (TBC [4] )(OH)(DMF)] metalloligands encapsulating two "naked" Mn II ions, the remaining coordination sites of which are filled with solvent. The concept that two or more Mn III metalloligands can encapsulate other metal ions in a centrally located pocket therefore suggests that a variety of homo-and heterometallic cages with similar structures should be isolable. Indeed we recently found it possible to tailor the butterfly composition so as to systematically incorporate LnM III ions in place of one or both Mn II ions within Mn x LnM y TBC [4] 2 clusters (where x = 4/y = 0, x = 3/y = 1 and x = 2/y = 2), thereby representing unprecedented structural control. [12] Analogous reactions with LnM III ions in the absence of TM II (Figure 1 A) . [9] In addition we have synthesised a series of square-within-square 3d-4f clusters (Mn [4] )(OH)(DMF)] metalloligands encapsulate four "naked" Ln III ions. These behave as SMMs or cryogenic magnetic refrigerants depending on the LnM employed (Figure 1 B) . [6, 7] Finally, treatment of TBC [4] with Cu II salts affords enneanuclear clusters that display versatile anion binding capabilities. [10] These display an interesting structural departure in that the polyphenolic pocket binds Cu II ions to form moieties that cap a Cu II trigonal prism (Figure 1 C) . From these key developments we have established metal ion binding rules for TBC [4] . We have found that under ambient conditions TBC [4] [4] s modified at the methylene bridge were recently reported in the literature, including linked C [4] s. [13] This presented an opportunity to build on the TBC [4] binding rules by having two metal ion complexation sites within bis-TBC [4] (Figure 1 E) III ions). In the first of our experiments we have achieved three of these four objectives, and the resulting clusters display predicted structural characteristics within a series of spectacular new motifs, all of which demonstrate a significant step towards the targeted assembly of polymetallic species. Bis-TBC [4] (H 8 L1) was synthesised according to literature procedure, [13] and upon crystallisation was found to adopt an updown twisted arrangement (Figure 1 E) . The TBC [4] cavities are stabilised by lower-rim H bonding, point in alternate directions, and neighbouring molecules assemble to form an antiparallel bilayer ( Figure S1 in the Supporting Information) reminiscent of that observed for TBC [4] . The conformational versatility of calixarenes is generally well understood; the CH 2 bridges between phenyl rings impart flexibility that allows ring inversion to proceed in the solution phase with very low accompanying energy barriers. [14] Extension of this to H 8 L1 allows for the possibility that two sets of TBC [4] phenolic oxygen atoms may, upon rotation/inversion, orient such that they are directed towards a central point. Furthermore, the proximity of two phenolic oxygen atoms from each TBC [4] [4] . [4, 5] Both L1 ligands in 1 are arranged such that one TBC [4] [15] generated by in situ hydrolysis of dmf). The metal core and coordination environment relating to each "Mn 4 " (Mn1-Mn4 cf. Mn5-Mn8) is essentially the same, and so only one half of the metal cluster will be described in detail. Mn1 is centrally bound to four fully deprotonated phenolic oxygen atoms O1-O4 (MnÀO range 1.865(3)-1.956(3) ) of one TBC [4] moiety. As . [4, 5, 9, 12] [6, 7] C) Tricapped trigonal prismatic Cu 9 cluster motif with anions and ligated solvent omitted for clarity.
[10] D) Metallic skeletons of clusters shown in A-C with capping TBC [4] -TM/LnM moieties drawn as large spheres. E) Two views of bis-TBC [4] showing the antiparallel arrangement and hydrogen-bonding interactions at the TBC [4] lower-rims. Colour code: Mn, purple; Ln, green; Cu, pale blue; N, royal blue; C, grey; O, red; S, yellow; H atoms are omitted for clarity.
predicted the square pyramidal Mn1 is in the third oxidation state and its coordination is completed by bonding to a m 3 -hydroxide (Mn1ÀO21 2.126(3) ), which is further bonded to Mn3 and Mn4 (2.152(3) and 2.155(3) , respectively), both of which are in the second oxidation state; Mn3 lies in the binding pocket generated by inversion. In addition to O21, Mn3 is bonded to dmf (Mn3ÀO17 2.104(4) ) and two m-phenoxide oxygen atoms (Mn3ÀO4 2.266(3) and Mn3ÀO5 2.175(3) ). The remaining two coordination sites display extensive disorder. The first component describes a distorted octahedral metal ion bonded to a half occupancy m-Cl À (Mn3ÀCl1 2.800 (5) ) that also connects to Mn7, and a MeOH/H 2 O ligand that each have quarter occupancy (Mn3ÀO24 2.196 (5) ). [16] Mn4 occupies the remaining binding cavity within L1. It is square pyramidal and is coordinated to, alongside O21, one dmf ligand (Mn4ÀO18 2.121 (3) ) and three m-phenoxide oxygen atoms (Mn4ÀO1 2.208(2) , Mn4ÀO8 2.102(3) and Mn4ÀO15 2.129 (3) ). Mn2 is centrally bound to all four fully deprotonated phenolic oxygen atoms (O5-O8) of the second TBC [4] fragment of L1 (MnÀO range 1.902(3)-1.967 (3) ). It is also in the third oxidation state and possesses square pyramidal geometry. Mn2 is further bonded to a m-hydroxide (Mn2À O23 2.067(3) ), which bridges to the other similar "Mn 4 cluster" within 1 (containing Mn5-Mn8). Examination of the extended structure reveals that molecules of 1 pack in a complex fashion with adjacent clusters being well isolated (closest Mn···Mn distance ca. 13.1 ). Along one direction, molecules assemble into an infinite chain such that two molecules of 1 lie perpendicular to, and sandwiched between, two adjacent molecules ( Figure and Gd1ÀO9' 2.362(4) , respectively), and to a second m 3 -hydroxide, O10 (Gd1ÀO10, 2.328(4) ). These are also coordinated to a ligated dmf and three m-phenolic oxygen atoms (Gd1ÀO1 2.425(4) , Gd1ÀO8 2.298(4) and Gd1ÀO7' 2.344(4) ). Mn2 also resides in the cavity generated by the two TBC [4] fragments and has a distorted octahedral geometry. It is coordinated to a chloride ion (Mn2ÀCl1 2.470(2) ), two m-phenolic oxygen atoms (Mn2ÀO4 and Mn2ÀO5, 2.342 (4) (4) ). Coordination is completed by bonding to either dmf or a nitrate ligand. The four Cu II ions that reside in the binding sites between each TBC [4] fragment of L1 are either distorted trigonal bipyramidal or distorted tetrahedral, a fact largely dependent on the location of the final extensively disordered Cu II ion. These five Cu II ions are interconnected by a combination of five m-OH ligands giving a cationic cluster.
The TBC [4] 3 Cu II 9 cluster has been found to be a versatile anion binding material, with the core adapting such that three m-hydroxides can be replaced by a m 6 -carbonate, for example. The outer Cu II 12 skeleton of 3 may thus potentially bind a range of different cations (organic or inorganic in nature), and this will be explored in detail in future studies. Analysis of the extended structure reveals that the assembly of 3 is best described as offset linear chains ( Figure S4 in the Supporting Information). As expected, the metallic core in 3 is well isolated from adjacent clusters with a closest Cu···Cu distance of about 13 . A CSD search was performed to determine the novelty of the metallic skeleton in 3. This returned one entry in which a Cu I 13 cluster conforms to a pinwheel-like structure that is markedly different to that found in 3. [17] Direct current (d.c.) magnetic susceptibility studies were performed on polycrystalline samples of 1-3 in the temperature range 5-300 K in an applied magnetic field of 0.1 T. The results are shown in Figure 5 in the form of c M T products, where c = M/B, M is the magnetisation, B the applied magnetic field, and T the temperature.
At 300 K, the c M T value of 28.0 cm 3 mol À1 K for 1 is lower than the value of 29.5 cm 3 mol À1 K, expected for spin-only contributions to the magnetism, assuming g = 2.0 for both Mn II and Mn III , g being the isotropic g value. On lowering the temperature, the c M T product remains essentially constant down to a temperature of approximately 150 K where it begins to decrease rapidly to reach a minimum value of 10.8 cm 3 mol À1 K at 5 K. The spin-Hamiltonian matrix of 1 is a square matrix of dimension 810,000 and cannot be diagonalised by standard techniques. Thus, to model the c M T product, we have employed home-written software (ITO-MAGFIT) [18] that makes use of irreducible tensor operator algebra [19] to block-diagonalise the spin-Hamiltonian matrix. ITO-MAGFIT is a magnetisation fitting program that uses the Levenberg-Marquardt algorithm. [20] We used the general form of the isotropic spin-Hamiltonian of Equation (1) to model the c M T product:
where m B is the Bohr magneton, the index i runs through all constitutive single-ion centres, g is the g matrix of the i th single-ion, here assumed to be g = 2.0 for simplicity, Ŝ is a single-ion spin operator, and J is the isotropic exchange parameter between a pair of metal centres. . The best-fit curve is shown in Figure 5 . These values are in good agreement with the parameters previously determined for molecules containing the same inverted butterfly topology of Mn II and Mn III centres. [4, 5, 21] With these parameters, the ground spinstate of 1 is a singlet (S = 0), with numerous excited spin-states lying in very close proximity ( Figure S11 in the Supporting Information).
At 300 K, the c M T value of 38.0 cm 3 mol À1 K for 2 is slightly higher than the value of 36.5 cm 3 mol À1 K, expected for spinonly contributions to the magnetism of 2, assuming g = 2.0 for Mn II , Mn III and Gd III . On lowering the temperature, the c M T product of 2 remains constant down to T = 150 K wherefrom it begins to increase, reaching a maximum value of 53.2 cm 3 mol À1 K at 5 K. The spin-Hamiltonian matrix of 2 is a square matrix of dimension 1,440,000 and, as with 1, cannot be diagonalised by standard matrix diagonalisation techniques. Following the same strategy as employed for the interpretation of the c M T product of 1, we again chose to include the minimum number of fit parameters. Thus, we fixed the value of isotropic exchange parameters J 1-2 , J 2-4 , J 5-7 , J 7-8 , taking into account the exchange between Mn II and Mn III centres (J Mn II -Mn III) to the best-fit value (+ 0.92 cm À1 ) of the equivalent parameter obtained for 1, and used as free fit parameters J 1-3 , J 3-4 , J 5-6 , J 6-8 , J 3-5 , J 4-6 for the exchange between Mn III and Gd III (J Mn III -Gd III), J 2-3 and J 6-7 , for the exchange between Mn II and Gd III (J Mn II -Gd III), and the J 36 for the exchange between Gd III centres (J Gd III -Gd III). These pairwise isotropic exchange parameters are schematically represented in the relevant insert of Figure 5 . Under these conditions, the best-fit parameters for 2 are: J Mn III -Gd III = À0.062 cm À1 , J Mn II -Gd III = 0.066 cm À1 and J Gd III -Gd III = À0.061 cm À1 .
However, these three best-fit parameters are highly correlated. Thus, their individual determination is impossible from this data set. However, their small magnitude is in agreement with that expected for TM-LnM and LnM-LnM exchange interactions. The best-fit curve is shown in Figure 5 . One can see that the determined parameter-set reproduces the experimental data rather well. With these parameters, the ground spin-state of 2 is an S = 9 state, with numerous excited spin-states lying in close proximity ( Figure S12 in the Supporting Information). At 300 K, the c M T value of 3.1 cm 3 mol À1 K for 3 is significantly lower than the value of 5.9 cm 3 mol À1 K, expected for spinonly contributions to the magnetism of 3, assuming g = 2.2 for all Cu II centres. This is indicative of strong antiferromagnetic interactions operating in 3. On lowering the temperature, the c M T product monotonically decreases, with the exception of a plateau-like region around 25 K, to reach a minimum value of 0.5 cm 3 mol À1 K at 5 K. The spin-Hamiltonian matrix of 3 is a square matrix of dimension 8, 192 and is much easier to handle than the spin-Hamiltonian matrices of 1 and 2. Thus, we measured variable-field and variable-temperature (VTVB) magnetisation data in the temperature range 2 to 7 K and in the magnetic field range 0.5 to 5 T. The variation of the c M T product and the VTVB data were simultaneously fitted to isotropic spin-Hamiltonian [Eq. (1)], which remains an appropriate model for the magnetic properties of 3, since single-ion anisotropy terms here are zero (Cu II is S = 1/2). We chose to neglect antisymmetric interaction terms, often used for the interpretation of the magnetic properties of Cu II -containing complexes, [22] since these proved to be unnecessary. Thus, for the interpretation of the magnetic properties of 3 we included three free parameters in spin-Hamiltonian [Eq. (1)] ( Figure 5 ): J 23 , J 56 , J 89 , J 1112 are used to take into account the exchange between Cu II centres bridged by hydroxides (J 1 ; the vertices of the square prism); J 1-2 , J 1-3 , J 1-11 , J 1-12 , J 2-4 , J 3-4 , J 4-5 , J 4-6 , J 5-7 , J 6-7 , J 7-8 , J 7-9 , J 8-10 , J 9-10 , J 10-11 , J [10] [11] [12] , are used to take into account the exchange between the Cu II ions around the peripheral Cu 12 "wheel" (J 2 ), and finally J 2-13 , J 3-13 , J 5-13 , J 6-13 , J 8-13 , J 9-13 , J 11-13 , J [12] [13] , are used to take into account the exchange between the central Cu II ion and all of its nearest neighbours (J 3 ). The bestfit parameters for 3 are: J 1 = À84.14 cm
À1
, J 2 = À65.97 cm À1 , J 3 = À22.69 cm À1 . With these parameters, the ground spin-state of 3 is a quadruply degenerate S = 1/2 state, with the first excited state being a doubly degenerate S = 1/2 state lying approximately 5.2 cm À1 higher in energy. The rest of the energy spectrum of 3 also presents a high degree of degeneracy ( Figure 6 ), suggesting a particularly exceptional case of spin-frustration. [23, 24] 
Conclusions
To conclude, three new cluster types with novel and fascinating topologies have been constructed by enhanced ligand design. All three complexes contain metal-binding properties that are entirely consistent with complexes of TBC [4] , which itself can be regarded as a versatile ligand for polymetallic cluster construction (Figure 1 ). The appropriate combination of two (or more) conjoined ligands is an important step towards enhanced control over topology, nuclearity and properties of polymetallic clusters with these building blocks. Indeed the magnetic exchange between the constituent metal ions in complexes 1-3 is very much akin to that observed in molecules built form TBC [4] . Given the large library of TBC [4] clusters known, the correlation between structure and magnetism in novel bis-TBC [4] cages can become more targeted. Work continues in the controlled construction of polymetallic clusters with bis-TBC [4] , the results of which will be reported in due course.
Experimental Section
Bis-TBC [4] (H 8 L1) was synthesised according to literature procedure. [13] Crystal data for bisTBC [4] Full Paper
